Abstract Nanocomposite is a promising method to reduce fire hazards of polymers. Specifically due to increased interfacial area between polymer and nanofillers, polymer nanocomposites have an advantage in reducing fire hazards efficiently even when the flame retardant additives are at a concentration of 5 mass% or less. In theory, crosslinking between the polymer chains can create a carbon-dense structure to enhance char formation, which can further promote the flame retardancy. However, little research has been done to explore the flammability of crosslinking polymer nanocomposites with a low concentration of nanosilica particles. In this study, crosslinked and noncrosslinked poly (methyl methacrylate) (PMMA) nanocomposites of a low concentration of nanosilica particles have been prepared via an in situ method. Their fire properties were tested by using the cone calorimeter at the heat flux of 50 kW m -2 . Although silica-containing flame retardants tend to negatively affect the ignitability and soot production especially at a high concentration, through the condensed phase mechanism, the samples of high loading rate of nanosilica particles show better fire retardancy performance in the aspect of flammability, including decreased heat release rate, mass loss rate, and total heat release. Additionally, crosslinking indeed attributes to the less intensive combustion of crosslinked PMMA samples, especially at a low concentration of nanosilica. The combination of nanosilica particles with the modification of the internal structure of the polymer nanocomposites might be a good strategy to improve fire retardancy.
Introduction
Polymers have widespread applications in different industries because of the advantages of low cost, light weight, ease of processing and applicability, and stable structure [1, 2] . While the advantages of using polymers are numerous, consumers must remain vigilant about the potential fire hazards associated with these hydrocarbonbased materials. One potential solution to this problem is to use inherently thermally stable polymers. However, uses of those inherently thermally stable polymers are often restricted by their high cost [3] . Another potential solution to reducing risks generated from the fire hazard of polymers is to use flame retardants. There are a variety of flame retardant additives, such as halogenated fillers, phosphorusbased fillers, metal hydroxides, metal carbonates, and intumescent additives. Nevertheless, most of those traditional flame retardants, like halogen-containing flame retardants, have been restricted in their utility due to potential damage to human health and environment [4] . Other flame retardants like aluminum hydrates are too costly to be widely used in industry and commerce [5] . Recently, more attention has been focused on research of flame retardant polymer nanocomposites, which are environmentally friendly and highly efficient, compared to conventional flame retardants [6, 7] . Polymer nanocomposites have also shown significant improvement in terms of thermal stability, mechanical properties, optical and electric properties, when compared to the micro-and macro-varieties [8] .
One of the effective halogen-free flame retardants is silicon-containing compounds, such as silica, silicate and polydimethylsiloxanes, which are highly resistant to heat and more importantly will not produce toxic gases during combustion [9, 10] . Silica particles mainly have three forms: silica gel, fused silica, and fumed silica. Compared with fused silica, both fumed silica and silica gel have relatively larger surface area and lower density. As a result, fumed silica and silica gel can accumulate near the burning surface of polymer and tend to produce a silica-rich protective layer without sinking through the melt polymer [11] . The silica-rich layer can act as a heat insulation shield, which can protect the polymer from further thermal decomposition [9, 12] . The silica-rich layer can also act as a physical barrier to the transport of thermal decomposition products through the polymer surface to the flame zone [11] . However, fused silica is hard to accumulate on the burning surface of polymer, and hence fused silica is not as effective as fumed silica and silica gel in term of flame retardancy [11] .
Recently, in the field of flame retardancy, polymer nanocomposites comprised of organically modified clay dispersed in selected polymer matrices, have attracted considerable attentions. They have the advantage that flame retardant additives are highly effective at a low concentration of 5 mass% or less, with the increased thermal stability and mechanical properties, like Young's modulus and storage modulus [13, 14] . The physical principle behind this phenomenon is the tremendously larger interfacial area between polymer and flame retardants than conventional flame retardant systems. Nanosilica particle is also a promising flame retardant because of its large interfacial area as long as the particles are finely dispersed within the polymer matrix. However, previous research by Kashiwagi indicates that nanosilica particles by themselves cannot form a tight and continuous silica network, but form loose and granular particles, in which the majority of the polymer is still directly exposed to external heat flux without enough protection [15] . Kashiwagi suggested that one possible approach to enhancing the formation of crosslinking among the nanosilica particles could be through an appropriate surface modification of particles [15] . The formation of crosslinks can aid to form in situ silica network. Moreover, there exists a strong correlation between char yield and fire resistance of polymers in fire conditions [16] . Crosslinking between the polymer chains by forming additional covalent bonds can enhance char formation of polymer materials, because crosslinking creates a carbon-dense structure. That carbon-dense structure is not easy to be volatilized, especially for some non-charforming thermoplastics, such as poly (methyl methacrylate) (PMMA) [11, 17] .
In this research, a small amount of nanosilica particles (less than 5 mass%) was embedded into the PMMA matrix via in situ methods to form polymer nanocomposites. Additionally, crosslinking was introduced in the polymer nanocomposites to investigate whether this structure modification of polymer chains could further improve fire retardancy during combustion. The reaction of any material to fire is typically represented by: ignitability, heat release rate, flame spread, emission of flammable, toxic, and corrosive gases, etc. [18] . This study will mainly focus on the flame retardancy properties of the low concentration of silica-containing flame retardant polymer nanocomposites based on cone calorimeter analysis.
Experimental Materials
Methylmethacrylate (MMA) and 1,1 0 -Azobis(cyclohexanecarbonitrile) (ABCN) were used as the monomer and initiator, respectively. Both the monomer and initiator were obtained from Polysciences. Two kinds of nanosilica with different surface treatment agents, namely KH 550 and KH 570, were collected from US Nano. Their recommended dose is 0.5-5.5 mass%. The average diameter ranged between 20 and 30 nm. As the molecular structure of KH 570 shows in Fig. 1 , when nanosilica particles are surface treated with KH 570, many vinylidene groups (RC=CH 2 ) are also introduced to the nanoparticle surface. These vinylidene groups can participate in free-radical polymerization and finally create nanosilica-based crosslinked polymer nanocomposites. Namely, KH 570 can act not only as the surface treatment agent, but also as the crosslinking agent. However, KH 550 only plays the role of surface treatment agent, and it does not involve in polymerization reactions. Moreover, because MMA has similar functional groups to KH 570, polymerization is more likely to happen for MMA than other dissimilar monomers. In this study, silica surface treated with KH 570 was used for crosslinking silica to form crosslinked polymer nanocomposites, while KH 550 was used to produce the non-crosslinked polymer nanocomposites.
NH 2 (CH 2 ) 3 Si(OMe) 3 (KH 550) CH 2 =C(CH 3 )COO(CH 2 )Si(OMe) 3 (KH 570) 
Synthesis
The monomer MMA was placed in a glass reaction vial with a silicone septum on top. Surface modified nanofillers were added to the monomer under magnetic stirring. The amount of the filler varied depending upon the loading of the nanocomposites. For this study, 1, 2 and 4 mass% of silica-containing nanocomposites were prepared. The stirring continued for half an hour followed by sonication for another half an hour. The sonication procedure aided in degasification of any dissolved oxygen. After sonication, the initiator ABCN was added to 0.2 mass% of the MMA. To further remove dissolved oxygen, the solution was inerted by bubbling nitrogen gas through it for about 10 min. The solution was continuously stirred while the inert process took place. After the inerting process, the reaction vial was submerged in an oil bath maintained at a temperature of 70 ± 1°C while the stirring continued.
Sample preparation
A method from literature was used to build a mold to prepare 100 mm 9 100 mm 9 5 mm samples for cone calorimeter analysis [19] . Two glass plates were put in parallel with silicone tubing in the middle. The wall thickness of the silicone tube determined the sample thickness. The glass plates with the silicone tubing in-between were clamped to keep the mold structure together. The polymerization solution was put in the hollow space created in the mold, and then the clamped mold was sealed at the top with another length of silicone tubing. The mold was then placed in a large oil bath for curing for 24 h at 70 ± 1°C while the stirring continued. After the curing process was complete, the glass plates were removed and the solid mold was cut into the samples with a dimension of 100 mm 9 100 mm 9 5 mm. By using this mold and procedure, neat PMMA, 1, 2 and 4 mass% silica crosslinked and non-crosslinked PMMA samples were prepared.
Cone calorimetric measurements
Cone calorimeter is a well-known bench scale instrument for testing of fire properties. It has been accepted as a standard by International Standards Organization (ISO-5660) and American Society for Testing and Materials (ASTM E-1354). While a single parameter is not enough to represent the fire scenario, a cone calorimeter can aid in the prediction of the material burning behaviors quite decently. Cone calorimeter functions upon the principle that oxygen consumption is in proportional relationship with heat release rate (HRR) [20] . Heat release rate is one of the most important parameters in controlling fire hazards. Cone calorimeter is able to provide some other parameters for fire analysis including, but not limited to, peak heat release rate (PHRR), total heat release (THR), time to ignition (t ign ), mass loss rate (MLR), average specific mass loss rate (MLR ave ), smoke production, specific extinction area (SEA), mean specific extinction area (SEA m ), effective heat of combustion, the yield of CO and CO 2 [20] .
A series of samples were tested by using the cone calorimeter, including neat PMMA samples, 1, 2, and 4 mass% silica non-crosslinked and crosslinked samples. All samples were tested under the standard of ASTM E 1354 by the cone calorimeter manufactured by Fire Testing Technology Limited (FTT). During the testing, these samples were all evaluated in the horizontal orientation. They were directly exposed to a heater with the heat flux of 50 kW m -2 [21, 22] . The unexposed surfaces of these samples were wrapped in aluminum foil prior to testing. These samples were placed in retainer frame. A thin wire cross was placed on the exposed surface of those samples to prevent the samples from bucking before burning. In addition, the ambient temperature was set from 20.2 to 20.9°C, the ambient pressure was set from 97.994 to 98.148 kPa, and the relative humidity was in the range of 27-28%.
Results and discussion
All the testing results were presented in Table 1 . In the following comparison, neat PMMA samples will be used as the baseline to assess the fire retardancy performance of other samples from different aspects of t ign , HRR, PHRR, THR, MLR, MLR ave , SEA, and SEA m .
Flame retardant mechanism
Flame retardants can have totally different chemical structures, but they function mainly through three common mechanisms: gas phase flame retardants, endothermic flame retardants, and condensed phase flame retardants [17, 23] . For gas phase flame retardants, the combustion process in the gas phase will be changed to consume highly reactive free hydrogen and hydroxyl radicals. Under this mechanism, the main combustion products, like the yield of CO 2 will be changed. For endothermic flame retardants, they will act as a heat sink to cool the solid polymer and release inert gas to dilute combustible fuel in the gas phase, so that the heat of combustion will be lowered. For this study, considering the almost unchanged values of effective heat of combustion and mean CO 2 yield for all samples, it is reasonable to conclude that the main flame retardant mechanism of silica-containing PMMA samples is in the condensed phase. Moreover, from previous research, polymer nanocomposites mainly have a function in the condensed phase to retard flame, in which a nanoparticle-rich protective layer is formed [24] [25] [26] . For silica-containing PMMA samples, this nanoparticle-rich protective layer is composed of nanosilica particles. More importantly, given the physical and chemical properties of silica particles and the purpose of introducing the crosslinking structure into polymer nanocomposites, the statement of the condensed phase mechanism is solidly evident.
Time to ignition
The parameter, time to ignition (t ign ), represents the ignitability of materials. The lower value of time to ignition, the more ignitable the testing materials are, when tested in the same fire scenario [27] . For solid materials, like PMMA samples used in this study, time to ignition is closely related to the pyrolysis temperature of the solid materials to produce sufficient volatiles at the lower flammable concentration, if the radiant heat flux is constant [28] . From Table 1 , at the same mass concentration of silica within the test range in this research, the crosslinked samples have lower t ign than the non-crosslinked samples, indicating that the crosslinked samples are a little easier to ignite than the non-crosslinked samples. Namely, the pyrolysis temperatures of crosslinked samples are lower than that of non-crosslinked samples, especially at a lower concentration of silica. Moreover, all t ign data of silicacontaining PMMA samples are lower than that of neat PMMA samples, meaning that silica-containing PMMA samples are easier to ignite and tend to decompose at a relatively lower temperature than neat PMMA samples. This observation reflects that silica-containing flame retardants may negatively affect t ign , which can be further confirmed in Figs. 2-6 . The curve of heat release rate of silica-containing PMMA samples suddenly starts to rise earlier than neat PMMA samples. However, this observation is consistent with previous research that little influence was found on thermal decomposition temperature and t ign was not improved for most polymer nanocomposites. Even for some polymer nanocomposites, t ign will be decreased, like the results shown in this research [23] . Nevertheless, only with the poor performance of ignitibility, it is not reasonable to draw a conclusion that silica-containing PMMA samples have bad flame retardancy. The real meaning of flame retardancy is that several fire risks can be under control in a specific fire scenario, not only ignitability.
One possible explanation to this observation is that the organic surface treatment agents used in the research, more specifically, KH 550 and KH 570, tend to decompose at a relatively lower temperature. Accordingly, the flame can be initiated much earlier than neat PMMA samples. Another possible reason is that the pathway of heat adsorption into PMMA nanocomposites and thermal decomposition is changed. However, PMMA nanocomposite degrades to give only monomers [29] . Considering there is no change in the thermal degradation pathway and only monomers are produced, the second explanation may not be reasonable enough to explain the early time to ignition of all silicacontaining PMMA samples [30] .
Heat release rate
Heat release rate (HRR) is defined as the mass loss rate of the material times its heat of combustion [20] . HRR is the critical fire reaction property because it is the driving force for fire spread and also controls other reaction properties, like the yield of CO and CO 2 , and the decomposition reaction [31] . In the cone calorimeter analysis, however, HRR is calculated from the oxygen concentration in the flue gases based on the principle that the heat released from a fuel is proportional to the oxygen consumed during combustion [20] . More specifically, for the complete combustion of conventional organic fuels, 13.1 kJ of heat energy is released for the consumption of per gram of oxygen, with an accuracy of ±5% or better [32] . The peak heat release rate (PHRR) is the maximum amount of heat liberated by a material during the combustion process, and it often occurs over a very short period of time (less than a few seconds). The PHRR is considered to be a critical property controlling the maximum temperature and flame spread rate [33] . Compared with neat PMMA samples, all silica-containing PMMA samples are observed to have lower values of PHRR. As shown in Figs. 2-6, the peak of the curve of heat release rate of neat PMMA samples is much higher than that of other silica-containing PMMA samples. Additionally, from Table 1 , at the same mass concentration of silica, there is no significant difference between non-crosslinked samples and crosslinked samples in the aspect of PHRR. For all silica-containing PMMA samples, the initial sharp increase in HRR is very similar to that of neat PMMA samples. But after the burning goes on, HRR does not go as high and rapidly as neat PMMA samples, and even becomes relatively stable in some period of time, as shown in Figs. 2 and 3 . This observation is consistent with previous research, which found that the flame retardancy of polymer nanocomposites only can be activated and take effect with preceding burning, because the main flame retardant mechanism of polymer nanocomposites is in the condensed phase, including the char layer formation and nanoparticle-rich protective layer formation [34] . Both layers can act as the mass transfer barrier and heat insulator in the condensed phase.
From Figs. 5 and 6, the trends of the curves of heat release rate are very similar at the same mass concentration of silica, 2 and 4 mass% silica, respectively. This observation means there is no significant difference between crosslinked samples and non-crosslinked samples at the same mass concentration of silica in the aspect of enhanced char layer formation to retard flame. However, from Fig. 4 , PHRR of 1 mass% silica crosslinked samples appears not only earlier than 1 mass% silica non-crosslinked samples, but also a little earlier than neat PMMA samples. The trend of its heat release rate curve is also different from 1 mass% silica non-crosslinked samples, and 1 mass% silica crosslinked samples seem to have a less intensive combustion process. At a relatively high concentration of nanosilica, crosslinked PMMA samples do not show the tendency of forming better char layer than non-crosslinked PMMA samples. Possibly, the high concentration of nanosilica does not contribute much to, or even negatively affect the formation of crosslinked PMMA, due to the unavoidable agglomerate of nanosilica particles. In the low concentration of nanosilica particles, crosslinking appears to contribute more to char formation to protect polymer, due to the relative lack of nanosilica particles. In this case, nanosilica particles are only loosely isolated on the decomposing polymer surface and they cannot form a network-structured silica-rich protective layer.
With the addition of silica-containing flame retardants in PMMA samples, the total heat release (THR) of silicacontaining PMMA samples tends to decrease a little, and the THR of non-crosslinked samples seems to decrease a little more at a higher mass concentration of silica. The experiments show that non-crosslinked samples have lower THR than crosslinked samples at a higher mass concentration of silica within the test range. This observation means that crosslinked samples are more completely burned than non-crosslinked samples [35] . There are two explanations of the THR reduction: Silica-containing PMMA samples tend to yield char at the expense of flammable volatiles and a small part of combustible PMMA polymers are replaced with non-combustible nanosilica particles. For 2 and 4 mass% silica-containing PMMA samples, the flame duration time of crosslinked samples is longer than non-crosslinked samples. Therefore, crosslinked samples have more chance to burn more completely and release more heat, although more char tends to be yielded by crosslinked samples. Besides the fact that even at the same mass concentration of silica, non-crosslinked samples and crosslinked samples have different fire behaviors when exposed to the same fire scenario, the different mass concentrations of silica have different effects on the fire behaviors of those tested samples. As shown in Figs. 2 and 3 , with the increase in the mass concentration of silica in those PMMA samples from neat PMMA to 4 mass% silica, PHRR of those crosslinked and non-crosslinked samples decreases gradually. For example, neat PMMA samples have the highest PHRR of 781 kW m -2 . 4 mass% silica non-crosslinked samples have the lowest PHRR of 455 kW m -2 among the non-crosslinked samples, which is 42% lower than that of neat PMMA samples. Similarly, 4 mass% silica crosslinked samples have the lowest PHRR of 470 kW m -2 among the crosslinked samples, which is 40% lower than that of neat PMMA samples. This 40% reduction of PHRR with 4 mass% nanosilica particles is highly efficient when compared with Kashiwagi's result of a roughly 50% reduction of PHRR with 13 mass% nanosilica particles [15] . With the increase in mass concentration of silica in PMMA samples within the test range, adversely THR of non-crosslinked samples tends to decrease uniformly. 4 mass% silica non-crosslinked samples have the lowest THR of 73.9 MJ m -2 , which is 17% lower than that of neat PMMA samples. However, with the increase in mass concentration of silica in PMMA samples within the test range, THR of crosslinked samples does not change uniformly. 2 mass% silica crosslinked samples have the highest THR of 90.7 MJ m -2 and 4 mass% silica crosslinked samples have the lowest THR of 82.4 MJ m -2 , but the difference between them is not as big as what has been observed among non-crosslinked samples. Consequently, both the mass concentration of silica and the modification of internal structure of silica-containing PMMA samples will have effects on HRR, PHRR, and THR, when exposed to the same fire scenario.
Mass loss rate
Mass loss rate (MLR) is closely related to how fast the sample is consumed during the combustion process. In cone calorimeter tests, MLR ave is calculated over a period starting when 10% of the ultimate specimen mass loss has occurred and ending at the time when 90% of the ultimate specimen mass loss has occurred [36] . The calculation time of MLR ave represents a relatively stable thermal decomposition process of polymer. Generally, with the embedding of nanosilica particles into PMMA samples, MLR ave can be reduced, for both crosslinked and non-crosslinked samples, which is consistent with the observation about HRR. The reduction effects on MLR ave are different for crosslinked and non-crosslinked samples, respectively, Table 1 , at the same mass concentration of silica within the test range, MLR ave of crosslinked samples is a little smaller than that of non-crosslinked samples, which means that the combustion process of crosslinked samples is less intensive than non-crosslinked samples. Another interesting observation is that the mass of neat PMMA samples was completely burned, and almost no residue was left. However, for silica-containing PMMA samples, there was a small quantity of black residue left. This observation means that the samples were not completely burned, due to the fact that silica particles are hard to burn. Moreover, a small part of the black residue may be composed of char formed during the combustion process.
Smoke property
In principle, specific extinction area (SEA) is determined as the product of the extinction coefficient and the volumetric flow rate, divided by the mass loss rate of tested sample [37] . It represents the effective optical obscuring area generated by 1 kg of mass loss of specimen. Specific extinction area is used to assess how much soot in smoke was released from the combustion of different samples [38] . With the addition of nanosilica-containing flame retardants into PMMA samples, the SEA m of most silicacontaining PMMA samples was increased. Namely, the soot release of those samples was higher than neat PMMA samples, which will induce optical obscurity and reduce visibility. However, 1 mass% silica crosslinked samples have almost the same SEA m value as neat PMMA samples. Additionally, from the cone calorimeter test reports, the mean CO yield (kg kg -1 ) remained almost the same for all neat samples and silica-containing samples. This observation further demonstrates that the improved flame retardancy performance is not caused by a process in the gas phase, but actually a modification of the thermal decomposition process in the condensed phase [14] .
Fire retardancy performance
The lower value of PHRR the lower the maximum temperature and flame spread rate of the tested sample is in cone calorimeter. The lower value of THR the smaller the fire load of the tested sample is which characterizes the propensity of the tested sample to produce a shorter duration fire [39] . The lower value of MLR ave , the longer the time the tested sample can burn, if the tested samples are of the same mass and the same exposed area. To comprehensively evaluate the fire retardancy performance of tested samples, we proposed to plot PHRR in units of kW m -2 on one axis, which represents the character of flame spread rate, and plot THRÁMLR ave in units of g MJ s -1 m -4 on the other axis, which represents the character of fire durations. The tested samples near the origin point (0, 0) have the most expected and successful fire retardancy performance. Adversely, those tested samples, which lie far from the origin point, have relatively worse fire retardancy performance when exposed to the same fire scenario.
By plotting PHRR (kW m -2
) and THRÁMLR ave (g MJ s -1 m -4 ) on two axes as shown in Fig. 9 , the tested samples are ranked as follows: neat PMMA samples, 1 mass% silica non-crosslinked samples, 1 mass% silica crosslinked samples, 2 mass% silica crosslinked samples, 2 mass% silica non-crosslinked samples, 4 mass% silica crosslinked samples, 4 mass% silica non-crosslinked samples. Consequently, when PHRR, THR, and MLR ave were comprehensively considered, 4 mass% silica non-crosslinked samples have the best fire retardancy performance, followed by 4 mass% silica crosslinked samples. As expected, neat PMMA samples have the worst fire retardancy performance.
Conclusions
Through comprehensively considering heat release rate, total heat release, and mass loss rate, it is found that the best flame retardancy performance can be achieved by 4 mass% silica non-crosslinked PMMA samples, followed by 4 mass% silica crosslinked PMMA samples. Neat PMMA samples have the worst flame retardancy performance compared with other silica-containing PMMA samples. This research indicates that flame retardant properties can be significantly improved by embedding a small amount of nanosilica particles into the poly (methyl methacrylate) matrix to form polymer nanocomposites, for both crosslinked and non-crosslinked samples. The additional analysis of heat release rate, effective heat of combustion, and the yield of CO and CO 2 demonstrate that the improvement in flame retardancy performance is caused by the modification of the thermal decomposition and combustion process in the condensed phase. Namely, silicacontaining flame retardants can form one nanosilica-rich protective layer during combustion. This layer can protect the polymer matrix from further thermal decomposition, and hence improve the fire retardancy performance. The fire retardancy performance can further be promoted by crosslinking polymer chains especially at a low concentration of nanosilica particles. In the low concentration of nanosilica particles, crosslinking appears to contribute more to char formation, due to the relative lack of nanosilica particles. They cannot form network-structured protective layer and are only loosely isolated on the decomposing polymer surface. However, silica-containing flame retardants may negatively affect other fire behaviors of PMMA samples in terms of ignitability and soot production. Soot in smoke can induce obscurity and reduce visibility. Moreover, both the mass concentration of silica nanofillers in PMMA samples and the internal structure of the samples (i.e., crosslinked and non-crosslinked) have some effects on the fire retardancy. Consequently, the combination of silica-containing flame retardants with the modification of the internal structure of the polymer nanocomposites would be a potential way to improve their fire retardancy performance.
